We report here a synthetic-lethal screen in Caenorhabditis elegans that overcomes a number of obstacles associated with the analysis of functionally redundant genes. Using this approach, we have identified mutations that synthetically interact with lin-35/Rb, a SynMuv gene and the sole member of the Rb/pocket protein family in C. elegans. Unlike the original SynMuv screens, our approach is completely nonbiased and can theoretically be applied to any situation in which a mutation fails to produce a detectable phenotype. From this screen we have identified fzr-1, a gene that synthetically interacts with lin-35 to produce global defects in cell proliferation control. fzr-1 encodes the C. elegans homolog of Cdh1/Hct1/FZR, a gene product shown in other systems to regulate the APC cyclosome. We have also uncovered genetic interactions between fzr-1 and a subset of class B SynMuv genes, and between lin-35 and the putative SCF regulator lin-23. We propose that lin-35, fzr-1, and lin-23 function redundantly to control cell cycle progression through the regulation of cyclin levels. Genetic redundancy is a common feature of all eukaryotes, ensuring both a high degree of regulatory control and protection against mutational assault. It is also an impediment to biologists seeking to determine gene function through forward and reverse genetic approaches. Mutations in functionally redundant genes may show no obvious phenotype on their own but, when present in specific combinations, can lead to severe defects (i.e., a synthetic phenotype). Therefore, the ability to assign functions to this class of genes based solely on the availability and analysis of single mutants may be difficult or impossible.
Genetic redundancy is a common feature of all eukaryotes, ensuring both a high degree of regulatory control and protection against mutational assault. It is also an impediment to biologists seeking to determine gene function through forward and reverse genetic approaches. Mutations in functionally redundant genes may show no obvious phenotype on their own but, when present in specific combinations, can lead to severe defects (i.e., a synthetic phenotype). Therefore, the ability to assign functions to this class of genes based solely on the availability and analysis of single mutants may be difficult or impossible.
Estimates from yeast suggest that ∼40% of all genes may fail to show even weak phenotypes when deleted (Smith et al. 1996; Winzeler et al. 1999) , whereas a recent large-scale functional analysis of Caenorhabditis elegans genes using RNAi methods failed to detect phenotypes for >85% of the genes examined (Fraser et al. 2000) . In addition, recent small-scale deletion studies as well as previous mutational analyses suggest that functional disruptions of most genes in C. elegans fail to produce obvious phenotypic effects (for review, see Hodgkin 2001) . This apparent lack of an observable gene function may be the result of limitations at the level of detection as well as in the methodology used in the case of RNAi analysis. However, it is also likely a consequence of functional overlap conferred by either structurally related proteins or by molecularly distinct but functionally connected pathways. Evidence from yeast suggests that this latter explanation may, in fact, be the more common cause of genetic redundancy (Winzeler et al. 1999 ; for review, see Tautz 2000; Wagner 2000) .
Given the difficulties in detecting synthetic interactions, relatively few examples of such nonhomologous genetic redundancies have been well characterized in C. elegans Johnson et al. 1981; Ferguson and Horvitz 1989; Davies et al. 1999) . The best-known case of functional redundancy in C. elegans is the synthetic multivulval (SynMuv) genes (Ferguson et al. 1987; Ferguson and Horvitz 1989 ; for review, see Fay and Han 2000) . SynMuv genes act in opposition to Ras/Map kinase pathway signaling to prevent the adoption of ectopic vulval cell fates during postembryonic development (Ferguson et al. 1987; Lu and Horvitz 1998) . The relatively straightforward identification of SynMuv genes was made feasible by the ease with which Muv animals can be detected, the normally rare incidence of Muv animals in mutagenized populations, and the fact that double mutants are generally viable. SynMuv genes are commonly assigned membership into one of two classes, A or B. Pairwise combinations of mutations in both a class A gene and a class B gene lead to the expression of the Muv phenotype (Ferguson and Horvitz 1989) .
The past several years have seen the molecular identification of many SynMuv genes through both forward and reverse genetic approaches. Although some encode peptides with unknown cellular or biochemical functions, a sizable fraction of class B genes have been linked (based on sequence homology) to transcriptional repression mechanisms. These include multiple members of the NuRD (nucleosome remodeling and histone deacetylase) complex (Lu and Horvitz 1998; Solari and Ahringer 2000; von Zelewsky et al. 2000) , E2F and its binding partner Dp (Ceol and Horvitz 2001) , and the solitary C. elegans Rb/ pocket protein homolog LIN-35 (Lu and Horvitz 1998) .
In dramatic contrast to Rb knockout mutations in flies and mice (Clarke et al. 1992; Jacks et al. 1992 ; Lee et al. 1992; Du and Dyson 1999 ; for review, see Lipinski and Jacks 1999) , strong loss-of-function (LOF) mutations in lin-35 are not lethal and have relatively subtle effects on viability and development (Lu and Horvitz 1998; this paper) . Thus, based on the SynMuv screens, the single function ascribed to lin-35 affected only a small number of postembryonic blast cells and, moreover, required the presence of a second-site mutation to be revealed. These observations and the finding that LIN-35 is expressed broadly throughout development (Lu and Horvitz 1998) led us to hypothesize that: (1) lin-35 must carry out additional functions during C. elegans development; and (2) the identification of such functions will necessitate the isolation of second-site mutations that interact synthetically with mutations in lin-35 to produce novel phenotypes.
Using a nonbiased genetic approach, we have isolated a set of mutations that interact synthetically with lin-35. We report here the molecular identification and phenotypic characterization of one of these mutants, fzr-1, that affects the function of the C. elegans homolog of Cdh1/ Hct1/Fizzy Related (FZR; Schwab et al. 1997; Sigrist and Lehner 1997; Visintin et al. 1997) . In combination, mutations in fzr-1 and lin-35 lead to a striking hyperproliferation phenotype, showing for the first time that LIN-35 functions globally to control cell proliferation in C. elegans. In addition, we have also identified a synthetic requirement for lin-35 and fzr-1 during embryonic development, and describe an additional synthetic interaction between lin-35 and the putative SCF complex (Skp1, Cullin, F-box) regulator, lin-23 (Kipreos et al. 2000) .
Results

A targeted strategy to identify novel lin-35 synthetic mutations
As a starting point for identifying novel lin-35/Rb synthetic mutants, we engineered strain MH1461 with two key components. The strain is (1) homozygous for a strong LOF mutation at the endogenous lin-35 locus (n745) and (2) (Figs. 1 and 2A,B) . MH1461 animals were mutagenized and an F 2 clonal screen was carried out (also see Materials and Methods). Strains acquiring desirable mutations would be predicted to show clear-cut differences in the phenotypes of kuEx119 + and kuEx119 − progeny in the F 3 generation (Fig. 1) . Through screening of ∼3500 haploid genomes, we isolated seven mutations defining seven distinct loci. Animals homozygous for mutations in lin-35 and the individual slr (synthetic with lin-35/Rb) genes show a range of phenotypes including reduced size, slow growth rates, larval lethality, and sterility (D.S. Fay and M. Han, unpubl.) . As anticipated, the screen also uncovered a number of class A SynMuv mutations that were not further pursued. We describe here the phenotypic analysis and molecular identification of one lin-35 synthetic mutation, slr-1(ku298). Based on the molecular identity of the gene defined by this mutation (see below), we refer to this gene as fzr-1.
Synthetic interaction between lin-35 and fzr-1
In screening for lin-35 synthetic mutants, we isolated candidate strain MH1621. MH1621 animals that carry kuEx119 are healthy, fertile, and generally indistinguishable from wild-type animals. In contrast, kuEx119 − animals derived from this strain are nonviable and show multiple defects ( Fig. 2C-F ; see below). Genetic analyses indicated that the mutant phenotype observed in kuEx119 − progeny resulted from the combined effect of mutations in lin-35 and a second unlinked gene, fzr-1.
As a further test for specificity, we inactivated lin-35 using RNAi methods in strain MH1621. As expected, led to the highly penetrant expression of the kuEx119 − phenotype in kuEx119 + animals ( Fig.  2G,H ; see below), as a result of eliminating LIN-35 activity derived from the array. Based on these criteria, we conclude that the phenotype observed in MH1621 kuEx119 − progeny (hereafter referred to as lin-35; fzr-1 double mutants) is the direct result of a synthetic interaction between lin-35 and fzr-1.
fzr-1 single mutants isolated from strain MH1621 are viable and show no obvious anatomical or behavioral defects (see below). We did observe a low level of sterility in fzr-1 hermaphrodites (3%, n = 104) as well as an ∼50% reduction in brood size compared with wild type (142 ± 37, n = 8, vs. 264 ± 18, n = 50). In addition, fzr-1 hermaphrodites produce males at an elevated frequency compared with wild type (1.74%, n = 1205, vs. ∼0.2%; Sulston and Hodgkin 1988) and show an increase in the occurrence of embryonic lethality (11.9%, n = 1241, vs. <1%, n > 1000). An examination of lin-35 single mutants revealed similar low levels of sterility (4%, n = 100) and embryonic lethality (6%, n = 382), as well as an ∼65% reduction in brood size (98 ± 43, n = 10).
Whereas only 12% (n = 362) of kuEx119 + animals derived from MH1621 fail to complete embryogenesis, 42% (n = 98) of sibling lin-35; fzr-1 embryos fail to hatch, often arresting close to the end of elongation phase. For double mutants that successfully completed embryogenesis, the duration of embryonic development was similar to that observed for wild-type animals (∼12-16 h). In contrast, the length of postembryonic development was greatly extended in lin-35; fzr-1 animals, requiring 72 to >96 h at 20°C (n = 30) to complete larval stages versus 44 to 52 h (n = 200) for wild-type animals ( Fig. 2C,D; data not shown). Adult lin-35; fzr-1 animals show an approximate threefold reduction in total body volume compared with wild-type animals (Fig. 2E,F) . In addition, some adult lin-35; fzr-1 hermaphrodites produce small numbers of nonviable embryos, which remain within the uterus and show pleiotropic defects ( Fig. 2E ; data not shown; also see below). obtained for lin-3(e1417) mutants alone (10/21). Based on cell position assignments, the induced VPCs appeared to be derived exclusively from progenitor Pn.p cells that normally contribute to the vulva (P5.p, P6.p, and P7.p).
Following induction, VPCs underwent at least two to three rounds of divisions that were markedly slower and asynchronous compared with wild type. Whereas induced VPCs normally divide every 2 h, we often observed division times of >4 h and failed to observe accelerated division cycles. In addition, the pattern of vulval cell fates based on division plane orientations and cellfate-specific markers (lin-11::GFP) was highly variable (data not shown). These defects led to aberrant vulval morphologies; in some of these cases vulval cells failed to integrate into a single structure, producing multiple closely spaced invaginations reminiscent of a Muv phenotype (Fig. 3G,H) .
In contrast to seam-cell and vulval lineages, ventral cord GABA neurons expressing unc-47::GFP (gift of E. Jorgensen, University of Utah, Salt Lake City) appeared to be completely unaffected in lin-35; fzr-1 double mutants (Table 1 ). This absence of a phenotype may be due to the lack of a requirement for lin-35 and fzr-1 in controlling proliferation in these cells, or may result from suppression by maternal products of fzr-1.
Cells derived from the mesoderm were also affected, including distal-tip cells (DTCs), which guide migration of gonad arms during postembryonic development. lin-35; fzr-1 double mutants showed a high frequency of ex- tra DTCs, leading to a Shiva (Shv) phenotype, in which an abnormal bifurcation produces gonads with extra arms ( Fig. 3C ,D; Table 2 ). In general, only one bifurcation per gonad arm was observed, indicating that most DTCs were undergoing only a single extra division cycle. Consistent with this, the average number of DTCs detected using the DTC-expressing lag-2::GFP marker (Blelloch et al. 1999) Hedgecock and White 1985) . In lin-35; fzr-1 double mutants, gut cell ploidy was highly variable, ranging from 2N to 16N (n = 20), with the majority of cells falling in the range of 4N to 8N ( Fig. 3H ; data not shown). In (Table 1) . The large number and reduced ploidy of mutant gut cells suggest that rather than executing endocycles during larval development, intestinal cells in the double mutants are undergoing cycles of DNA replication followed by mitosis. Interestingly, both lin-35 and fzr-1 single mutants showed a modest increase in the number of gut cell nuclei compared with wild type (Table 1) . Excess divisions were also observed in cells that make up the germ line. Severe effects were confined to proximal regions of the gonad, where rampant hyperproliferation led in some cases to a tumorous phenotype ( Fig. 3I,J ; Francis et al. 1995) . The specific involvement of germ cells was evidenced by the lack of any detectable GFP expression in affected regions of the gonad in MH1621 animals in which lin-35 was inactivated with RNAi (data not shown). This failure of the tumorous cells to express GFP reflects the ability of germ-line cells to efficiently silence transgene expression, a characteristic not associated with the somatic gonad, in which we observed consistent GFP expression. Distal gonad regions were less affected and showed normal-appearing DAPIstained mitotic, transition, and pachytene zones (data not shown). These results suggest that germ cells in lin-35; fzr-1 mutants abnormally reenter mitosis after failing to progress past meiotic prophase. These defects could reflect a direct requirement for lin-35 in germ cells, or may be caused by nonautonomous effects, such as signaling via the lag-2/glp-1 pathway from the somatic gonad.
fzr-1 shows synthetic phenotypes with a subset of class B SynMuv genes
As described in the introduction, a subset of class B SynMuv genes (including lin-35) have been linked to transcriptional regulation. However, it is currently unclear to what extent these functionally related genes are interchangeable with respect to their genetic interactions. To address this issue, we examined interactions between fzr-1 and six SynMuv genes. The class B genes efl-1, lin-53, hda-1, and chd-4 encode homologs of E2F (Ceol and Horvitz 2001) , RbAp48, histone deacetylase (Lu and Horvitz 1998) , and the NuRD complex component, Mi-2, respectively (Solari and Ahringer 2000; von Zelewsky et al. 2000) . lin-15a and lin-36 (class A and B genes, respectively) encode novel proteins (Clark et al. 1994; Huang et al. 1994; Thomas and Horvitz 1999) .
Similar to the effects observed for lin-35(RNAi) ( Fig.  2G,H To further support the claim that ku298 represents an allele of fzr-1, we sequenced fzr-1 genomic DNA from ku298 mutant animals. We detected a single missense mutation within the predicted coding region of fzr-1. The mutation (G → A) substitutes a highly conserved cysteine with tyrosine in the fourth WD-repeat domain (Fig. 4A) . As an additional test, strain MH1461 was grown on fzr-1(RNAi) feeding plates. Although kuEx119 + animals appeared largely unaffected by this treatment, the majority of kuEx119 − animals showed hyperproliferation defects similar to those of lin-35; fzr-1 double mutants ( Fig. 5A ; Table 2 ; data not shown).
Using a cDNA clone (gift of Y. Kohara, National Institute of Genetics, Mishima, Japan), we confirmed the predicted gene structure of fzr-1 and identified an SL1 transplice leader sequence (Krause and Hirsh 1987) at the 5Ј end of the clone, indicating that it is full length. The highly conserved C-terminal domain of FZR-1 is 68% identical to both Drosophila FZR and human CDH1 (Fig.  4A) . The sizable N-terminal domain of FZR-1 contains scattered regions of homology to the fly and human gene products as well as novel sequences (Fig. 4A) . A phylogenetic analysis indicates that FZR-1 is more similar to members of the Cdh1/Hct1/FZR family than to the closely related but functionally distinct gene family composed of Cdc20/FZY (Fig. 4B) .
FZR-1 function is required for fertility
The nature of the genetic lesion suggested that ku298 might not represent a complete LOF allele of fzr-1. Because dsRNA injection techniques may produce RNAi phenotypes that more closely mimic that of the molecular null than do those produced by feeding methods (M. Han, unpubl.), we inactivated FZR-1 function in wild-type animals using RNAi injection methods. Injection led to a severe reduction in the fertility of the de-rived F 1 progeny: 47% of F 1 animals were completely sterile, whereas an additional 39% had brood sizes of <10 (n = 210). An analysis of affected animals revealed pleiotropic defects within the germ-line and somatic gonad. These included a failure of gonad arms to elongate, missing or abnormal oocytes and sperm, and morphogenetic defects of the uterus and vulva ( Fig. 5B; data not shown) . From these results, we conclude that FZR-1 function is required for viability and that ku298 encodes a hypomorphic allele of fzr-1.
We also examined the effect of inactivating fzr-1 using RNAi injection methods in a lin-35 mutant background. Interestingly, this led to embryonic lethality in 88% of F 1 progeny, with the remaining 12% arresting during early larval stages (n = 269). Nonviable embryos showed a variety of phenotypes ranging from premorphogenetic to late-stage arrest (Fig. 5C,D) . In the majority of cases, arrested embryos showed clear signs of tissue-specific differentiation but failed to complete morphogenesis and contained vacuoles and necrotic regions (Fig. 5C,D) . In addition, a significant percentage of embryos (∼30%) were misshapen or of abnormal size (Fig. 5D ). We conclude that, in addition to controlling cell proliferation during postembryonic development, lin-35 and fzr-1 play essential, albeit redundant, roles during embryonic development.
Consistent with these findings, an fzr-1::GFP transcriptional reporter showed robust expression in most or all cells during embryonic development in wild-type animals (Fig. 5E,F) . Expression was also observed at lower levels in many cell types during larval development, including those showing proliferation defects in lin-35; fzr-1 double mutants (data not shown).
lin-35 shows a synthetic interaction with the putative SCF regulator lin-23
lin-23 encodes a WD-repeat protein with homology to regulators of the SCF proteosome complex (for review, see Deshaies 1999; Kipreos et al. 2000) . Loss of LIN-23 function leads to a widespread hyperproliferation phenotype in mutant animals, presumably resulting from a failure to degrade G 1 cyclins. We had previously identified an allele of lin-23 in an earlier screen for lin-35 synthetic mutants (D.S.F. and M.H., unpubl.). lin-23(ku294) contains a mutation in the conserved 5Ј splice site (GT → AT) between exons 4 and 5 of lin-23, resulting in a peptide that is predicted to terminate following amino acid 245 of the 665-amino-acid peptide. Based on the size of the truncation and the predicted instability of the resulting mRNA, ku294 is likely to represent a strong or complete LOF allele of lin-23.
In contrast to lin-23 and lin-35 single mutants, lin-35; lin-23(ku294) double mutants generally fail to progress past the L3 larval stage and are severely growth retarded relative to the single mutants ( Fig. 6A; data not shown) . Because of the extremely poor viability of lin-35; lin-23 double mutants, and the fact that lin-23 single mutants themselves show a strong hyperproliferation phenotype on their own, it was not possible for us to discern whether the absence of LIN-35 function exacerbated the lin-23 hyperproliferation defect in the double mutants.
As an alternative approach, we reduced lin-23 function in MH1461 animals using RNAi feeding methods and looked for differences in the sensitivity of lin-35; kuEx119 + and lin-35; kuEx119 − sibling progeny. Interestingly, whereas 82% (n = 177) of kuEx119 − animals exposed to lin-23(RNAi) showed the characteristic lin-23 hyperproliferation phenotype, only 43% (n = 236) of sibling kuEx119 + animals were similarly affected (Fig.  6B,C) . Thus the presence of functional LIN-35 significantly decreased sensitivity to diminished LIN-23 activity. This effect was not due to a generic hypersensitivity of lin-35 mutant animals to RNAi as both kuEx119 + and kuEx119 − animals were equally sensitive to unc-22(RNAi) feeding (data not shown).
LIN-35 and FZR-1 likely coregulate G 1 cyclin levels
Based on work from other systems (see Discussion), loss of LIN-35 function would be predicted to disrupt the activity of Rb/E2F transcriptional inhibitory complexes, leading to elevated levels of cyclin E and cyclin A mRNA. In turn, loss of either FZR-1 or LIN-23 would result in decreased APC or SCF functions, leading to an increase in the stability of cyclin A and cyclin E proteins, respectively. A simple model would then predict that in the lin-35; fzr-1 double mutant, the combination of both increased cyclin transcription and stability leads to cyclin protein levels that are sufficient to override the normal G 1 arrest.
To test this model, we engineered strains containing temperature-inducible cyclin A or cyclin E constructs expressed from extrachromosomal arrays. As shown in Table 3 , in an otherwise wild-type background, either cyclin A or cyclin E overexpression can lead to the production of extra distal tip cells in a small percentage of animals. Notably, this effect is strongly enhanced in an fzr-1 mutant background. The synthetic interaction observed between cyclin overexpression and fzr-1 mutants is consistent with the model that LIN-35 and FZR-1 cooperate to control the levels of G 1 cyclins through transcriptional repression and protein destabilization, respectively.
Discussion
lin-35 and the control of cell proliferation
We report here the cloning and characterization of fzr-1, a gene that cooperates with lin-35 to control cell proliferation. A relatively small number of genes have been described that cause widespread hyperproliferation in C. elegans. These include the putative SCF components cul-1 and lin-23 (Kipreos et al. 1996 (Kipreos et al. , 2000 , the CIP/KIP family member cki-1 (Hong et al. 1998) , and the CBP/ p300 homolog cbp-1 (Shi and Mello 1998) . In the cases examined thus far, a hyperproliferation phenotype is observed following inactivation of a single gene product. cinogenesis in mammals. Namely, proliferation control is abolished through the sequential loss of genes that function to restrain cell cycle progression.
Given our findings, and the large body of evidence implicating Rb in human cancers (for review, see Nevins 2001) , it seems reasonable to suggest that our technical approach may facilitate the study of multistep carcinogenesis using C. elegans. Along these lines, it will be interesting to determine whether the human homolog of fzr-1, hCDH1, can function as a tumor-suppressor gene, and if so, whether it does so in cooperation with Rb.
Inactivation of fzr-1 function using RNAi injection led to sterility and aberrancies in germ cell proliferation (Fig.  5A,B) . Although we have not determined the specific cause of this phenotype, previous studies would implicate defects in either the execution of G 1 arrest (Irniger and Nasymth 1997; Sigrist and Lehner 1997; Zachariae et al. 1998) or in late-stage mitotic events such as cytokinesis (Schwab et al. 1997; Zur and Brandeis 2001) . We also observed embryonic lethality when fzr-1 was inactivated using RNAi injection in a lin-35 mutant background (Fig. 5C,D) . The cause for this lethality is presently unknown. These embryos do not show obvious hallmarks associated with either excess cellular proliferation or grossly elevated levels of apoptosis (data not shown). Although additional work will be necessary to determine the nature of this embryonic requirement, a role during embryonic development is consistent with the expression patterns observed for both fzr-1 (Fig. 5E,F) and lin-35 (Lu and Horvitz 1998) . The lack of an apparent hyperproliferation phenotype in embryos likely reflects significant differences in the means by which embryonic and postembryonic cell cycles are regulated. For example, cyclin D, an upstream regulator of Rb, has been shown to be required exclusively for the execution of postembryonic division cycles in C. elegans (Park and Krause 1999; Boxem and van den Heuvel 2001) .
Differential properties of SynMuv genes
Work carried out over the past several years has produced an explosion in the number of identified SynMuv genes (see Fay and Han 2000) . Although certain functional classifications, such as transcriptional repressors, may accurately describe some of the SynMuv genes, others clearly defy straightforward categorization. This fact alone suggests that SynMuv genes most likely do not all act through the same mechanisms or pathways.
We have found that both lin-36 and efl-1(RNAi) can phenocopy the effect of lin-35 LOF in an fzr-1 mutant background (Table 2 ). However other class B genes, including lin-53, hda-1, and chd-4, did not show genetic interactions with fzr-1, nor did the class A gene lin-15a (Table 2) . These experiments are complicated by the fact that lin-53, hda-1, and chd-4 encode for essential genes, and RNAi leads to a highly penetrant sterile or lethal phenotype within several generations. Nevertheless, we saw no evidence for hyperproliferation in either the affected or unaffected classes of RNAi-treated animals. This suggests that neither a weak nor a severe reduction in the function of these genes is capable of producing a synthetic hyperproliferation phenotype with fzr-1. In addition, we detected no evidence for an interaction in lin-53(n833); fzr-1 double-mutant animals. Although n833 results in only a partial loss of LIN-53 function (Lu and Horvitz 1998) , this allele does lead to a highly penetrant Muv phenotype in conjunction with class A SynMuv mutations (Ferguson and Horvitz 1989) .
These data indicate a functional distinction between those class B genes that may play relatively direct roles in the regulation of the cell-cycle machinery (lin-35, lin-36, and efl-1) and others that may function more generally in the regulation of chromatin modification and transcriptional control (lin-53, hda-1, and chd-4). Moreover, our data correlate well with recent studies on vulval-cell fate specification, in which clear functional differences were observed between similar subsets of class B genes (Chen and Han 2001) .
lin-35, fzr-1, lin-23, and cyclin regulation Rb and its family members p107 and p130 have been shown in multiple systems to modulate transcription through direct interactions with a variety of transcrip- tional regulators (for review, see Kaelin 1999; Zheng and Lee 2001) . The majority of work indicates that Rb serves primarily as a transcriptional repressor, acting through a number of mechanisms including the recruitment of chromatin-modifying enzymes (Dunaief et al. 1994; Brehm et al. 1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998; Zhang et al. 2000; Nielsen et al. 2001 ) and the steric interference of transactivation domains (Flemington et al. 1993; Helin et al. 1993; Weintraub et al. 1995) . Acting as transcriptional corepressors with E2F (for review, see Dyson 1998; Harbour and Dean 2000; Classon and Dyson 2001) , Rb and its family members regulate the expression of many key genes required for entry and progression through S-phase (Dou et al. 1994) including cyclin E Duronio and O'Farrell 1995; Ohtani et al. 1995) and cyclin A Schulze et al. 1995) . Consistent with these reports, we have observed a significant increase in the levels of ribonucleotide reductase mRNA, an E2F-regulated gene, in lin-35 mutant animals (D.S. Fay and M. Han, unpubl.) .
In contrast, Cdh1/Hct1/FZR and its close relative Cdc20/FZY function as regulatory subunits for the anaphase-promoting complex (APC) cyclosome (Dawson et al. 1995; Sigrist et al. 1995; Schwab et al. 1997; Visintin et al. 1997; for review, see Morgan 1999; Zachariae and Nasmyth 1999) . This multisubunit peptide complex is thought to function as a ubiquitin ligase, and targets the degradation of several key factors during mitosis, including yeast Pds1 (Cohen-Fix et al. 1996) , human securin/ PTTG (Zur and Brandeis 2001) , and cyclins A and B in higher eukaryotes (Dawson et al. 1995; Irniger et al. 1995; King et al. 1995; Sigrist et al. 1995; Sudakin et al. 1995) . APC function requires activation first by Cdc20/ FZY during metaphase/anaphase, and then by Cdh1/ Hct/FZR during late mitosis and G 1 . It is believed that Cdh1 and Cdc20 differentially target distinct but overlapping subsets of proteins for degradation by the APC cyclosome (see above references; for review, see Morgan 1999; Zachariae and Nasmyth 1999) .
In Drosophila, loss of fzr function leads to reentry into the cell cycle following embryonic cycle 16, thereby bypassing the normal G 1 arrest (Sigrist and Lehner 1997) . This ectopic division cycle is correlated with excess levels of cyclin A (Sigrist and Lehner 1997) , which when overexpressed during G 1 can lead to ectopic entry into S-phase (Sprenger et al. 1997) . Interestingly, mutations in the Drosophila Rb homolog rbf (Du and Dyson 1999) , as well as in the CDK inhibitor decapo (de Nooij et al. 1996) , show cell cycle defects similar to those of fzr mutants, suggesting complementary roles in G 1 /S-phase regulation. However, we note that conclusions regarding fzr functions were inferred from the analysis of a large deletion that removed several genes in addition to fzr (Sigrist and Lehner 1997) . Therefore, fzr-1(ku298) is the first reported mutation in metazoans that specifically reduces CDH1/HCT1/fzr activity.
Our analysis of DTC hyperproduction in strains that overexpress either cyclin A or cyclin E mRNA (Table 3) supports the model that lin-35 and fzr-1 are likely to coregulate cyclin levels during G 1 . In addition, our finding that the E2F homolog efl-1 synergizes with fzr-1 (Table 2) adds further credence to this model. The ability of both cyclin A and cyclin E to induce extra DTCs in fzr-1 mutants could indicate that these cyclins may be functionally interchangeable and that sufficient levels of either cyclin A or cyclin E, or possibly both in combination, can work to override G 1 arrest.
Multiple mutations show synthetic lethality with lin-35
By screening ∼3500 haploid genomes, we uncovered seven Slr mutations that show synthetic lethality or inviability with mutations in lin-35. The phenotypes observed in the double mutants range from embryonic and early larval arrest to adult sterility and size defects (D.S. Fay and M. Han, unpubl.) . About half of the Slr mutations that we have identified show only little or no phenotype as single mutants, whereas others show moderate effects on brood size and/or growth rates. In addition, we note that the penetrance and severity of the double-mutant phenotypes appear in several cases to be substantially reduced by the presence of low levels of maternal lin-35 expressed from the array, consistent with previous reports that maternal lin-35 can also suppress expression of the Muv phenotype (Ferguson and Horvitz 1989) .
Other than fzr-1 and lin-23, we have not yet identified any Slr mutations that produce an obvious synthetic hyperproliferation phenotype with lin-35. However, as inferred from our comparison of phenotypes, this may depend to a significant extent on the specific nature of the allele isolated. Therefore, whether or not additional Slr genes will turn out to function in cell cycle control mechanisms or will cooperate with lin-35 in activities not directly related to the cell cycle remains to be seen.
A screen of general utility
We believe the means used to uncover the genetic interaction between lin-35 and fzr-1 will be of general use for those wishing to assign functions to genes lacking known biological roles or to identify novel functions for genes with previously characterized activities. In addi- tion, this genetic approach serves to identify functional copartners through the isolation and cloning of the affected second-site mutations. Importantly, this method in no way depends on prior knowledge of the synthetic double-mutant phenotype, thereby permitting a nonbiased search for genetic modifiers of any gene of interest.
Given the inevitable saturation of the genome for mutations that cause easily detectable phenotypes, the ability to identify synthetic mutations will become increasingly important. Large-scale analyses carried out in yeast and C. elegans suggest that a large percentage of genes in higher organisms may fail to show easily discernable phenotypes when mutated (Smith et al. 1996; Winzeler et al. 1999; Fraser et al. 2000) . It is likely that the vast majority of these no-phenotype genes may nevertheless confer a weak selective advantage to the organism, thus accounting for their presence in the genome (Nowak et al. 1997; for review, see Tautz 2000) . At the same time, it can be argued that many of these genes fail to show mutational effects owing to genetic redundancy. Importantly, these two explanations are in no way mutually exclusive. By devising methods to experimentally address this latter issue, we may hope to assign biological roles to many genes that would normally not be amenable to straightforward functional analyses.
Materials and methods
Culture methods
Maintenance, culturing, and genetic manipulations of C. elegans strains were carried out according to standard procedures (Sulston and Hodgkin 1988 ) and conducted at 20°C.
Strains used/generated
The strains used or generated were as follows: MT1624 [lin-35(n745)I; lin-8(n111) 
DNA constructs
RNAi Target sequences for insertion into pPD129.36 (gift of A. Fire) were generated by PCR amplification from appropriate cDNA or genomic clones. cDNA clones of lin-35, efl-1, lin-36, hda-1, and lin-53 were obtained from Y. Kohara, and a cDNA clone of lin-15a was obtained from P. Sternberg (California Institute of Technology, Pasadena). Inserts into pPD129.36 were of the following sizes: lin-35, 2.7-kb cDNA spanning exons 3-10. fzr-1, 750-bp genomic spanning exons 1-2. lin-23, 1.1-kb genomic spanning exons 2-5. lin-15a, 1.1-kb cDNA spanning exons 2-6. chd-4, 1.4-kb genomic spanning exons 1-2. efl-1, 370-bp cDNA spanning exons 1-3. lin-36, 1.0-kb cDNA spanning exons 3-5. hda-1, 1.4-kb cDNA spanning exons 1-4. lin-53, 1.3-kb insert spanning exons 1-3.
fzr-1 subclones pDF63 contains a 7960-bp XbaI/SalI fragment from cosmid ZK1307 subcloned into pBluescript. pDF65 contains a 3250-bp PCR-amplified fragment from the 5Ј UTR of fzr-1 cloned into plasmid pPD95.69 (gift of A. Fire). The construct creates an in-frame fusion of GFP containing an NLS to the first 6 amino acids of fzr-1.
Cyclin heat-shock constructs Full-length cyclin A cDNA from clone yk610 (from Y. Kohara) was amplified and inserted into pPD49.78 and pPD49.83 heat-shock vectors (from A. Fire). Cyclin E-heat shock vectors were a gift of M. Krause (NIH, Bethesda, MD).
Screen methodology
lin-35(n745); lin-8(n111) (MT1624) animals were injected with a mixture of cosmid C32F10 (100 µg/µL; Gu et al. 1998 ) and sur-5::GFP (100 µg/µL) to generate multiple independent strains carrying stable extrachromosomal arrays. Array kuEx119 suppressed expression of the Muv phenotype in >90% of lin-35; lin-8 double mutants and showed an ∼75% transmission frequency. After crossing out the lin-8 mutation to generate strain MH1461, animals were mutagenized with ethylmethanesulfonate (EMS) using standard procedures (Sulston and Hodgkin 1988 ). An F 2 clonal screen was carried out in which four F 2 animals were cloned per F 1 (for additional details, see Results), resulting in an expected coverage of ∼1.35 haploid genomes per F 1 animal. Based on this estimate, we have screened ∼3500 haploid genomes, or ∼2500 F 1 (10,000 F 2 ) clones, to obtain seven unlinked mutations.
Mapping
Positional mapping of fzr-1 presented a number of technical challenges: (1) both fzr-1(ku298) and lin-35(n745) single mutants lack discernable plate phenotypes; (2) double-mutant animals are nonviable and difficult to distinguish under a dissecting scope; and (3) the severity of the double-mutant phenotype can be at least partially suppressed by maternal products. These difficulties were circumvented by the procedures described below.
Two-and three-point mapping Triple-mutant mapping strains carrying lin-35(n745) and two linked visible marker mutations (e.g., dpy and unc) were generated for each chromosome. Homozygous lin-35 males were mated to mapping strains, and male cross progeny were in turn mated to strain MH1621 (fzr-1; lin-35; kuEx119). kuEx119 + cross progeny that segregated the marker mutations were then identified and used for either twoor three-point mapping.
For two-point mapping, ∼100 kuEx119 + wild-type sibling animals were cloned to single plates and, based on the segregated progeny, were scored as either homozygous or nonhomozygous for ku298 and plus or minus for the marker mutations. ku298 showed strong linkage to markers on LGII: 31/31 ku298 homozygous animals failed to segregate dpy-10, unc-4 markers, and 25/26 ku298 homozygous animals failed to segregate bli-2, rol-6 markers.
For three-point mapping, kuEx119 + sibling recombinants (e.g., Dpy-non-Unc) were identified and allowed to self-fertilize. Then 10-15 kuEx119 + self-progeny of the recombinant phenotype were cloned, allowed to self-fertilize, and then scored both for the presence of homozygous ku298 and of the recombinant chromosomes.
We obtained the following data for three-point mapping of ku298: 3/19 unc-4-non-dpy-10 recombinants acquired ku298; 28/29 bli-2-non-rol-6 recombinants acquired ku298; 0/5 rol-6-non-bli-2 recombinants acquired ku298; 9/38 unc-4-non-let-23 recombinants acquired ku298. SNP mapping We constructed the triple mutant strain MH1832 (dpy-10, ku298, unc-4) and verified the strain's ability to phenocopy the lin-35; ku298 double-mutant phenotype using lin-35(RNAi) feeding methods (Fraser et al. 2000) . MH1832 hermaphrodites were then mated to CB4856 homozygous males, and hermaphrodite cross progeny were cloned and allowed to self-fertilize. Recombinant animals (e.g., Unc-non-Dpy) were identified, and homozygous recombinant animals were isolated in the next generation and tested for the presence of ku298 using lin-35(RNAi). Predicted SNPs in the region were identified using the C. elegans SNP database and were further verified by experimentation.
We obtained the following mapping data for SNP vr77f08.s1@477 on cosmid T15H9: For Unc-non-Dpy recombinants that retained ku298, 54/54 were N2 for the SNP; 7/7 Unc-non-Dpy recombinants that lost ku298 were CB4856 for the SNP; 5/5 Dpy-non-Unc recombinants that retained ku298 were N2 for the SNP. For SNP vr89b04.s1@165 on cosmid T10B9 the following data were obtained: 2/7 Unc-non-Dpy recombinants that lost ku298 were CB4856 for the SNP; 3/5 Dpynon-Unc recombinants that retained ku298 were CB4856 for the SNP.
Other methods
Cosmid rescue Rescue was obtained by coinjection of either ZK1307 or pDF63 with pRF4 into MH1621 using standard procedures (Mello and Fire 1995) . Rescued animals were fertile, kuEx119 − , and showed a Rol phenotype.
RNAi RNAi was carried out according to standard methods (Fire et al. 1998; Fraser et al. 2000) . DAPI staining was according to Sulston and Hodgkin (1988) .
Phylogenetic analysis Phylogenetic analysis was carried out with PAUP (Swafford 2000) using neighbor joining and maximum parsimony analysis with 500 bootstrap replicates. For each bootstrap, 10 heuristic searches of random addition sequence replicates were carried out.
Cyclin heat-shock strains Strains containing temperature-inducible cyclin E or cyclin A expression vectors were generated by injecting corresponding pPD49.78-and pPD49.83-derived constructs (50 µg/µL each) along with sur-5::GFP (100 µg/µL) into unc-4, fzr-1 animals to obtain multiple stable extrachromosomal lines (cyclin A, fdEx1 and fdEx2; cyclin E, fdEx6 and fdEx7). Crossing to N2 generated Ex + lines in the wild-type background.
